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photocatalysis, thermoelectrics, and spintronics. Despite these advances, important challenges remain,
notably how to produce semiconductor nanostructures with predetermined architecture, how to produce
metastable semiconductor nanostructures that are hard to isolate by conventional syntheses, and how to
control the degree of surface loading or valence per nanocrystal. Molecular chemists are very familiar with
these issues and can use their expertise to help solve these challenges. In this Perspective, we present our
group's recent work on bottom-up molecular control of nanoscale composition and morphology, low-
temperature photochemical routes to semiconductor heterostructures and metastable phases, solar-to-
chemical energy conversion with semiconductor-based photocatalysts, and controlled surface modification of
colloidal semiconductors that bypasses ligand exchange.
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ABSTRACT: Colloidal semiconductor nanocrystals possess unique
properties that are unmatched by other chromophores such as organic
dyes or transition-metal complexes. These versatile building blocks have
generated much scientiﬁc interest and found applications in bioimaging,
tracking, lighting, lasing, photovoltaics, photocatalysis, thermoelectrics, and
spintronics. Despite these advances, important challenges remain, notably
how to produce semiconductor nanostructures with predetermined
architecture, how to produce metastable semiconductor nanostructures
that are hard to isolate by conventional syntheses, and how to control the
degree of surface loading or valence per nanocrystal. Molecular chemists
are very familiar with these issues and can use their expertise to help solve
these challenges. In this Perspective, we present our group’s recent work
on bottom-up molecular control of nanoscale composition and
morphology, low-temperature photochemical routes to semiconductor heterostructures and metastable phases, solar-to-chemical
energy conversion with semiconductor-based photocatalysts, and controlled surface modiﬁcation of colloidal semiconductors that
bypasses ligand exchange.
Colloidal semiconductor nanocrystals (quantum dots, rods,wires, platelets)1−11 have generated great scientiﬁc interest
and found many applications in biological imaging,12−17
tracking,18−22 lighting,23,24 photovoltaics,25 photocatalysis,26
thermoelectrics,27 lasing,28 and spintronics.29 These highly
versatile photoactive nanomaterials are well-known to beneﬁt
from size- and composition-tunable band gaps (300−4000 nm;
4.1−0.3 eV),1,30−32 broad and intense absorption (ε ≈
106 L·mol−1·cm−1),33,34 long-lived excited states (up to 40 ns
for CdSe, 500 ns for CuInS2, 1.8 μs for PbS),
35−37 colloidal
stability, and chemical and photostability.20,38−42 The optical
properties of semiconductor nanocrystals are unmatched by
other synthetic chromophores and ﬂuorophores such as organic
dyes or transition-metal complexes. Despite these advantages,
and after a couple of decades of major scientiﬁc advances in this
area, many challenges remain.
Some of these challenges have to do with synthetic reproducibi-
lity and postsynthetic modiﬁcation of these materials. Others
relate to our ability to reliably and reproducibly control nano-
crystal composition, architecture, and morphology (shape), how
to selectively produce or assemble higher-order structures with
speciﬁc conﬁgurations, and how to reliably dope chemical
impurities into low-dimensional lattices. The best answer to
these questions lies not on individual isolated examples but in our
scientiﬁc ability to design distinct, powerful, and widely applicable
synthetic strategies that span the continuum between the
molecular, nano, meso, and bulk scales, thus enabling the eﬀective
processing and incorporation of new materials into energy
conversion, catalytic, and tracking technologies. Molecular
chemists are very familiar with and adept at dealing with many
of these issues and can bring their expertise to the fore to address
and help solve many of the remaining challenges and unknowns in
the ﬁeld of colloidal nanocrystals. Here, we describe recent eﬀorts
by our group aimed at achieving molecular-level (bottom-up) con-
trol of nanoscale composition and morphology, low-temperature
photochemical synthesis of heterostructured nanocomposites
and metastable low-dimensional phases, solar-to-chemical energy
conversion of biorenewable feedstocks, and surface ligand
doping, organization, and valence of semiconductor nanocrystal
quantum dots.
Molecular Programming: Bottom-Up Fabrication of Semi-
conductor Nanocrystals with Precisely Def ined Structure, Compo-
sition, and Morphology. Atomic composition gradients and phase
segregation are ubiquitous features in many material prepara-
tions. The advent of colloidal methods has facilitated the
synthesis and processing of low-dimensional nanomaterials and
permitted fundamental investigations aimed at understanding
the thermodynamic and kinetic reasons behind the genera-
tion of such features. Precursor decomposition is obviously
aﬀected by parameters such as reaction time and temperature,
the presence of diﬀerent surfactants, and the concentration of
surfactants and precursors. To name a few recent examples,
spheroidal (0D) PbSe nanocrystals result from the reaction
between trioctylphosphine selenide (TOPSe) and lead (Pb)
precursors over a wider temperature range (above ≥50 °C)
compared to PbSe nanorods.43 Certain additives such as
tris(diethylamino)phosphine accelerate PbSe growth by releasing
amine in situ.43 The concentrations of TOPSe and TOP-telluride
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(TOPTe) aﬀect the composition of ternary PbSeTe alloys.44
Relative Zn and Cd precursor concentrations45 and reaction
temperature aﬀect the composition of ZnxCd1−xSe alloys.
46,47 In
terms of reaction mechanisms, much has been learned about the
atomic-level kinetics of solution-phase precursor decomposition
by studying the preparation of cadmium chalcogenides.48,49
Adventitious impurities in widely used “technical grade” reagents
lead to well-recognized and widespread irreproducibility issues.
Famously, secondary phosphine and phosphinic acid impurities
aﬀect the nucleation of both II−VI50 and IV−VI51 nanocrystals.51
A recent study found that tertiary phosphine selenide is relatively
unreactive against metal carboxylates compared to small
quantities of secondary phosphines. While certain additives
increase yields and mechanistic studies help understand such
phenomena, a more general picture has recently started to emerge
where rational precursor variations permit more predictable
outcomes. For example, balancing bis(trimethylsilyl)chalcogenide
(TMS2E, E = S, Se, Te) reactivity allows tuning of ternary
PbExE′1−x alloy composition.52 Nevertheless, there is a lack of
guiding principles in this area.
Ef fect of Phosphine Chalcogenide Reactivity on Semiconductor
Composition and Morphology. We recently reported that a
single injection of a mixture containing trioctylphosphine
sulﬁde and selenide (TOPS and TOPSe) into a solution of
bis(octadecylphosphonate)cadmium in octadecene at 320 °C
results in spontaneous formation of axially anisotropic
CdS1−xSex nanorods having a thick “head” and a thin “tail”
(Scheme 1).53 X-ray diﬀraction (XRD), high-resolution and
energy-ﬁltered transmission electron microscopy (HRTEM
and EFTEM), and energy-dispersive X-ray spectroscopy (EDS/
EDX) showed that these nanorods are compositionally graded
single nanocrystals with wurtzite (hexagonal) structure. The
head of the nanorods is CdSe-rich, whereas the tail of the
nanorods is CdS-rich.53 Time evolution studies conﬁrmed that
these compositionally graded CdS1−xSex nanorods form
sequentially, starting with quick (<20 min) homogeneous
nucleation of the CdSe-rich head followed by slow heteroge-
neous nucleation of the CdS-rich tail along the nanorods
c(z)-axis (∼85 min).53
We noticed that the relative ease of formation between the
two nanorod segments could not be a consequence of relative
crystalline energies; CdS is much more robust (mp 1748 °C,
lattice enthalpy ≈ 830 kcal/mol) compared to CdSe (mp
1512 °C, lattice enthalpy ≈ 790 kcal/mol). Instead, we hypo-
thesized that this was a consequence of relative TOPS versus
TOPSe precursor reactivity. According to Hammond’s postu-
late and within the context of colloidal synthesis, the transition-
state energy for the reaction rate-determining step, nucleation,
is closer to that of the molecular precursors than to that of
the much more stable nanocrystals, eﬀectively a thermodynamic
sink. This idea opens new avenues for achieving molecular-
level or “bottom-up” control of nanocrystal composi-
tion, morphology, and properties. By tuning the sterics and
electronics and thus manipulating the chemical reactivity of
molecular precursors, it is possible to ﬁne-tune the nucleation
rates of diﬀerent nanocrystalline phases. To explore this idea,
we used density functional theory (DFT) calculations and
NMR experiments to study the factors that control precursor
reactivity at the atomic level. We used computed energy
diﬀerences between isolated phosphines (R3P) and phosphine
chalcogenides (R3PE, E = S or Se) to estimate PE bond
strengths.54 We also experimentally measured 31P and 77Se
NMR spectra of several phosphines and phosphine chalcoge-
nides (Figure 1). 31P resonances of all phosphine selenides
(R3PSe) show satellites characteristic of strong
31P coupling
(J = 330−520 Hz) to NMR-active 77Se (S = 1/2 nucleus, 7.58%
abundance) (Figure 1a). 77Se resonances of all phosphine
selenides (R3PSe) appear as doublets characteristic of strong
77Se coupling to 31P (S = 1/2, 100% abundance) (Figure 1b).
This coupling unambiguously corroborates phosphorus chal-
cogen bonds in all R3PE precursors.
54
We combined our computational and experimental results to
build a reactivity scale of sulﬁde and selenide derivatives (R3PE,
E = S or Se) of ﬁve commercial phosphines, triphenylphosphite
(TPP), diphenylpropylphosphine (DPP), tributylphosphine (TBP),
trioctylphosphine (TOP), and hexaethyl-phosphorustriamide
(HPT) (Chart 1). Increasing the electron-donating ability of the
phosphorus substituents (R3P) stabilizes the “P(+V)” center in
Scheme 1. Spontaneous Phase Segregation along the Axis of
Ternary CdS1−xSex Nanorods
Figure 1. Representative 31P and 77Se NMR spectra of tertiary
phosphine sulﬁde and selenide precursors (TPP = triphenylphosphite,
TOP = trioctylphosphine, ∗ = 85% H3PO4 internal standard).
Reprinted from ref 54.
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the corresponding phosphine chalcogenide (R3PE), thus
increasing the P(+V)E bond strength and decreasing the
R3PE precursor’s ability to release chalcogen. Such phosphine
chalcogenide precursor reactivity decreases in the order TPPE >
DPPE > TBPE > TOPE > HPTE (E = S, Se). This trend
explains the sequential formation of axially anisotropic
CdS1−xSex nanorods. Because of a signiﬁcantly weaker PE
bond in TOPSe compared to that in TOPS (by 21 kcal/mol),54
Cd(ODPA)2 reacts faster with TOPSe than with TOPS, leading
to faster CdSe nucleation than CdS nucleation.53,54
Morphology by Design: Controlling the Aspect Ratio of II−VI
Semiconductor Nanorods. With this reactivity scale at hand, we
controlled the length-to-diameter aspect ratio of CdS and CdSe
nanorods. A decrease in the phosphorus chalcogen (PE)
bond energy decreases the nanorods’ length and aspect ratio
(Figure 2). This change stems from changes in nanorod
lengths. For example, the length of CdS nanorods varies from
267.0 ± 38.7 nm to 127.1 ± 2.5 nm and 64.4 ± 4.6 nm with TOPS,
tributylphosphine sulﬁde (TBPS), and diphenylpropylphos-
phine sulﬁde (DPPS), respectively. In comparison, the diameter
of CdS nanorods does not appear to change to a signiﬁcant extent,
from 3.2 ± 0.6 nm to 2.5 ± 0.6 nm and 4.4 ± 1.1 nm with TOPS,
TBPS, and DPPS, respectively (Figure 2). The more reactive the
R3PE precursor, the faster it reacts with Cd(ODPA)2, leading to
less selective anisotropic 1D growth along wurtzite’s c(z)-axis and a
smaller aspect ratio. This is a nucleation-driven eﬀect; nanorods
originate from single nuclei or “seeds”. Because diameters stay fairly
constant across precursors, we assume that nanorods grow from
seeds formed at an early nucleation stage. Upon injection, more
reactive precursors (DPPS) form many more nuclei compared to
less reactive precursors (TOPS). After this fast nucleation, there is
less of the more reactive precursor left in the medium than of the
less reactive precursor. This leads to more and shorter nanorods
for more reactive precursors than for less reactive precursors.54
Atomic Composition Control. According to Vegard’s Law,55
a complete CdS1−‑xSex solid solution is possible over the whole
composition range (0 ≤ x ≤1). Both CdS and CdSe form
zinc blende (cubic) and wurtzite (hexagonal) structures, and
four-coordinate S2− and Se2− radii diﬀer little (4−7%).56 We
used our R3PE (E = S, Se) reactivity scale to control the atomic
composition and phase segregation in ternary CdS1−xSex
semiconductor dots and rods.54 Careful control experiments
were critical to this eﬀort. When R3PS and R3PSe are used
together, the reaction conditions must be such that these two
precursors react with the metal (Cd) precursor (desired path,
Figure 3a) faster than they can react with each other (undesired
crossover path). Using 31P NMR spectroscopy, we found
conditions where crossover is minimal, thus allowing eﬀective
control of the precise overall atomic composition (S/Se ratio)
in ternary CdS1−xSex nanocrystal dots (Figure 3b,c).
Architecture by Design: Suppressing Radial Phase Segregation.
While R3PE precursor reactivity (α 1/PE bond strength) and
The transition-state energy for
the reaction rate-determining
step, nucleation, is closer to that
of the molecular precursors than
to that of the much more stable
nanocrystals, eﬀectively a
thermodynamic sink. By tuning
the sterics and electronics and
thus manipulating the chemical
reactivity of molecular precursors,
it is possible to ﬁne-tune the
nucleation rates of diﬀerent
nanocrystalline phases.
Chart 1. Reactivity of Diﬀerent Readily Available Phosphine
Chalcogenide Precursors (E = S or Se)a
aReprinted from ref 54.
Figure 2. Change in the CdS nanorod aspect ratio as a function of precursor reactivity. CdS nanorods made with TOPS (a), TBPS (b), and DPPS (c).
Plot of CdS nanorod length (nm) and aspect ratio as a function of calculated PS bond strength (energy in kcal/mol) (d). Reprinted from ref 54.
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concentration control the overall composition of ternary
CdS1−xSex quantum dots (Figure 4a), their exact microstructure
strongly depends on the relative order of nucleation and growth
of their constituent phases.47,54 Two R3PS and R3PSe pre-
cursors with very diﬀerent reactivity lead to sequential forma-
tion of CdSe/CdS core/shell heterostructures, whereas two
precursors with similar reactivity nucleate concomitantly and
lead to true CdS1−xSex alloys (Figure 4b),
54 thus suppressing
axial phase segregation. Similarly, two R3PS and R3PSe precursors
with very diﬀerent reactivity produce axially anisotropic,
compositionally graded CdS1−xSex nanorods (Figure 4c,e,g),
whereas two precursors with similar reactivity produce axially
alloyed CdS1−xSex nanorods with a more consistent S/Se ratio
along their axis (Figure 4d,f,h).54
These compositionally graded nanocrystals highlight an
important and currently underestimated challenge in the ﬁeld
of colloidal semiconductors. X-ray diﬀraction (XRD) and
electron-microscopy-based elemental mapping techniques
alone are often not enough to identify and quantify radial
composition gradients in small (<3−5 nm) 0D nanocrystals
(spheroidal particles or “dots”). More powerful and sensitive
techniques such as X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy,57−61 and atom probe tomography
(APT)62−67 are necessary to uncover such intimate structural
features. For example, Raman showed that acidic (HCl) etching
removes phase impurities such as Zn-based binaries from the
surface of more complex, quaternary Cu2ZnSnS4 (CZTS)
semiconductors.60 Raman studies showed that S and Cu2+ react
quicker and nucleate faster into Cu2S than S and Sn
4+ or Zn2+
into SnS2 or ZnS.
68 APT is a particularly well suited but thus far
underutilized technique for studying radial composition gradients
in spherical nanoparticles (Figure 5). APT was successfully used
to establish structure−property relationships in catalytic bimetallic
core/shells.62 In combination with XRD, UV−vis−NIR and
Raman spectroscopies, and EM elemental mapping, increased
use of APT could provide a much higher resolution, atomic-level
picture of composition gradients and phase segregation in complex
heterostructured nanocrystals.
Other Anionic Molecular Precursors. We recently studied
how dialkyl dichalcogenide precursor reactivity (R−E−E−R;
R = aryl, alkyl; E = S or Se) aﬀects the fabrication of II−VI
semiconductor nanocrystals. Two distinctively reactive C−E
and E−E bonds make these precursors more synthetically
ﬂexible and even more interesting than phosphine chalcoge-
nides.69−80 A decrease in R−E−E−R precursor reactivity leads
Figure 3. (a) High-temperature chalcogen exchange. XRD patterns (b) and Vegard’s plot (c) for CdS1−xSex dots obtained from diﬀerent R3PS−
R3PSe mixtures. Reprinted from ref 54.
Figure 4. (a) Sulfur-to-selenium ratio (S/Se) in CdS1−xSex dots as a function of relative precursor concentration and reactivity: {([R3PS]/[R3PSe])
[(ΔGPSe)/(ΔGPS)]}, slope k = 0.00688. (b) Size-corrected band gap of CdS1−xSex dots obtained from diﬀerent R3PS−R3PSe mixtures. Faster
CdSe compared to CdS nucleation with TOPSe−TOPS leads to CdSe/CdS core/shells, whereas concomitant CdSe and CdS nucleation with
TOPSe−DPPS leads to CdS1−xSex alloys. TEM images (c,d) and EDS line scans (e−h) of axially anisotropic CdS0.42Se0.58 nanorods made with a 9:1
TOPS−TOPSe precursor mixture (c,e,g) and regular CdS0.34Se0.66 nanorods made with a 9:1 TBPS−TBPSe precursor mixture (d,f,h). Arrows
represent 50 nm in (e) and 17.5 nm in (f). Other conditions: Cd(ODPA)2, 320 °C, 85 min. Reprinted from ref 54.
Figure 5. Radial composition variation in core/shell, graded, and
inverted core/shell nanocrystals.
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to slower nucleation and increased anisotropy (from dots to
pods to tetrapods) (unpublished results in submission). Radicals
such as R−S• (R−E•) stabilize small CdE nuclei, facilitating
anisotropic growth. Other chalcogenide precursors amenable to
chemical reactivity tuning through simple substitution include
thio- and selenoureas81−89 and Verkade’s superbases.90−94
Beyond chalcogenides, several pnictide molecular precursors
are available that may be amenable to chemical reactivity tuning
through systematic substitution. For example, tetraalkyldiphos-
phanes (R2P−PR2)
95 and N-heterocyclic phosphenes (NHP−
PR2)
96−99 could be highly versatile molecular precursors to
phosphide-containing nanostructured phases. Another prospect
is extending precursor reactivity control to heavier pnictides (As,
Sb, Bi). The necessary building blocks (stibines, bismuthines)
are known or can be easily synthesized,100,101 and complex
V−VI phases such as Pb1−xSbxTe and Yb14MnSb11 are useful
thermoelectric materials.27
Tuning Cationic Precursor Reactivity. The above results demon-
strate that a thorough understanding of molecular precursor
reactivity allows precise incorporation of chalcogenides (S, Se)
as well as suppression of chalcogenide (sulﬁde−selenide) phase
segregation in low-dimensional compound semiconductors.
A similar chemical reactivity tuning approach could permit
incorporation of precise amounts of cations into complex
multielement nanomaterials. Over the past few years, we and
others accumulated irrefutable evidence that cation precursor
reactivity is amenable to rational and predictable control in much
the same way as chalcogenide anion precursor reactivity.52,54 For
example, alkylphosphonic acid length greatly aﬀects CdSe
nanorod length.102 Diﬀerent ligands aﬀect CuInS2 and AgInS2
(I−III−VI) synthesis. Thiols lead to CuInS2, and fatty acids
lead to CuxS.
103 We recently demonstrated that diﬀerent con-
centrations of primary and secondary amines decrease Cd-
(carboxylate)2 reactivity toward S (Scheme 2a).
104 The presence
of secondary amines favors heterogeneous over homogeneous
nucleation of CdS on pre-existing CdSe nuclei (Scheme 2b,c).104
Speciﬁcally, added dioctylamine slowed down Cd precursor
reactivity and suppressed homogeneous CdS nucleation to
undetectable levels, allowing us to reliably grow very thick shelled
CdSe/nCdS (n = 10−25 monolayers) quantum dots.20,39,40 This
chemistry allowed us to reliably synthesize nonblinking (“giant”)
quantum dots,20,39,40,104 enabling the use of these outstanding
materials in advanced biological imaging and tracking.105,106
Research into modulating the chemical reactivity of not only
anionic (chalcogenide, pnictide, etc.) but also cationic precursors
could positively impact the synthesis of complex multiele-
ment materials such as Cu2ZnSnS4
61,68,107−116 TaON,26,117
Yb14MnSb11,
118,119 and PtxBiyPbz.
120 These materials are at the
forefront of important emerging energy technologies for
photovoltaic (solar) cells, photocatalytic devices, thermoelectric
power generators, and fuel cells, respectively. For example, ﬁrst-
principles studies showed that the quaternary Cu2ZnSnS4 phase
is stable only within a small domain of chemical potentials;121
slight deviations from optimal growth conditions result in
spontaneous formation of undesirable phases such as ZnS,
Cu2SnS3, SnS, SnS2, and CuS. Fine-tuning chemical precursor
reactivity is critical in controlling relative cation incorporation,
composition gradients, phase segregation, and particle morphol-
ogy in these and similar materials. Key to these studies will be
correlating the rates of homogeneous and heterogeneous
nucleation achieved with diﬀerent precursors to well-known
and/or easily measurable parameters such as equilibrium binding
constants, NMR chemical shifts (31P, 77Se, etc.), ligand cone
angles (a measure of steric encumbrance),54 metal cation pKa’s
(an inverse measure of their ligand binding strength), and
polarizabilities.122−124 Having a working scale of chemical
reactivities not only for chalcogenide but also for pnictide and
cationic precursors could eliminate the need for time-consuming
testing of several diﬀerent reaction conditions or unrelated
precursors at random, as is commonly practiced in solution-
phase nanomaterial synthesis. Such a scale could also obviate the
need for more complex mechanistic experiments or calculations.
Photochemical Nanocrystal Synthesis: Low-Temperature Routes
to Heterostructured and Metastable Semiconductor Nanostructures.
Preparative nanotechnology or “nanomanufacturing” is rapidly
evolving toward the fabrication of ever more complex materials
with precise structure and properties. As exempliﬁed above,
traditional colloidal syntheses rely heavily on thermal
decomposition or “pyrolysis” methods in high-boiling solvents
at high temperature, often in excess of 120−360 °C. Under
such conditions, isolating highly reactive and/or unstable nano-
crystals can be challenging. This problem is of particular
timeliness and relevance because it is these harder-to-isolate,
more reactive metastable phases that are likely to possess
enhanced magnetic, chemical, and catalytic properties and
perhaps also unprecedented optoelectronic properties. Photo-
chemistry is regularly employed by molecular chemists to
generate highly reactive species. Similarly, light can be an ideal
tool for building metastable nanomaterials because light-
induced reactions usually proceed through alternate pathways
at low temperature.
Controlled Photofabrication of Colloidal Semiconductor−Metal
Hybrid Heterostructures: Site-Selective Metal Photodeposition.
Metal nanoparticle deposition on semiconductors produces
charge-separating heterostructures that become redox-active
upon illumination and remain so even after dark storage for
Scheme 2. Suppressing Homogeneous Nucleation in Favor
of Heterogeneous Nucleation (Shell Growth) during CdSe/
Cds Nanocrystal Synthesisa
aReprinted from ref 104.
Photochemistry is regularly
employed by molecular chemists
to generate highly reactive
species. Similarly, light can be an
ideal tool for building metastable
nanomaterials because
light-induced reactions usually
proceed through alternate
pathways at low temperature.
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several hours.53,125−130 We recently demonstrated distinct thermal
and photochemical Pt and Pd deposition on CdS nanorods
(Scheme 3).128 Using whole ﬂask illumination methods with
side-on ﬂuorescent lamps, we selectively photodeposited surface-
bound Pt and Pd nanoparticles along highly speciﬁc segments of
axially graded semiconductor CdS1−xSex nanorods (Figure 6).
Judicious selection of reaction conditions allows deposition of
Pt and Pd on CdS and CdS0.4Se0.6 nanorods with high selectivity
(95% surface-bound, photochemically) over freestanding metal
particles (94% unbound, thermally). Metal photodeposition
occurs on speciﬁc segments of CdS0.4Se0.6 nanorods with com-
positional anisotropy due to the band gap diﬀerential between
nanodomains.53 Short-wavelength irradiation favors Pd nano-
particles on large band gap CdS-rich regions (57% at 350 nm),
while longer wavelength irradiation favors Pd nanoparticles on
small band gap CdSe-rich regions (83% at 575 nm). Tuning
composition, relative conﬁguration, and spatial arrangement in
“hybrid” heterostructures will allow engineering and directing
energy ﬂows at the nanoscale.2,25,128,131,132
Photochemical Synthesis of Small Cobalt Oxyhydroxide Nano-
crystals. While seeking to extend our photodeposition work to
more readily available metals (Cu) and metal oxides (Co3O4),
we discovered a photochemical route to unusually small,
monodisperse, ∼3 nm cobalt oxyhydroxide (Co(O)OH) nano-
crystals starting from readily available coordination complexes
such as pentaamminechlorocobalt(III) chloride ([Co(NH3)5Cl]-
Cl2).
133−135 The alternative dark thermal reaction proceeds
much more slowly and produces larger, polydisperse, ∼250 nm
Co(O)OH aggregates. We believe that these observations are an
entry into investigating photochemical routes to other diﬃcult-
to-prepare nanomaterials, for example, doped nanocrystals.
Dopants or chemical “defects” sit within just a few lattice
parameters from the nanocrystal surface and easily get thermally
extruded, diﬀusing away in favor of more stable homogeneous
lattices under the typical temperatures used for nanocrystal
synthesis.136−140 Low-temperature photochemical methods
could permit the generation, isolation, and study of doped
nanocrystals and other metastable nanomaterials of unusual and
interesting sizes, architectures, and properties.
Solar-to-Chemical Energy Conversion with Semiconductor
Heterostructures: Photocatalysis beyond Water Splitting. Fossil
fuel transformations generally involve exothermic (downhill)
reactions that result in more oxidized products, whereas trans-
formations of oxygenates from biomass often involve endothermic
(uphill) reactions that result in more reduced products.141−149
A potentially transformative concept in renewable energy, photo-
catalytic conversion of biomass will require advanced catalysts
speciﬁcally designed for the transformation of biologically
derived feedstocks, as well as a deep understanding of the
molecular chemistry of sunlight-driven, low-temperature liquid-
phase processing of oxygenates.
Selective Alcohol Dehydrogenation and Hydrogenolysis with
Semiconductor−Metal Heterostructures. Photocatalysts are now
available that can split water into hydrogen, H2, and oxygen,
O2, under visible light with 6−7% quantum yield and without
the use of stoichiometric or “sacriﬁcial” agents.149,150 Other
overlooked photocatalysis targets include alcohols and polyols
derived from biomass.140−148 Photocatalytic dehydrogenation
and hydrogenolysis of alcohols can produce biorenewable
fuels such as H2 or alkanes, respectively (Schemes 4 and 5).
Scheme 3. Metal Deposition Pathwaysa
aReprinted from ref 128.
Figure 6. (a) Selective Pt nanoparticle photodeposition on CdS
nanorods. (b) Selective Pd nanoparticle photodeposition on composi-
tionally graded CdS1−xSex nanorods. Reprinted from ref 128.
A potentially transformative
concept in renewable energy,
photocatalytic conversion of
biomass will require advanced
catalysts speciﬁcally designed for
the transformation of biologically
derived feedstocks, as well as a deep
understanding of the molecular
chemistry of sunlight-driven,
low-temperature liquid-phase
processing of oxygenates.
Scheme 4. Hydrogen Photoproduction from Water versus
Biomassa
aReprinted from ref 151.
Scheme 5. Alcohol Dehydrogenation versus
Hydrogenolysisa
aReprinted from ref 151.
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These reactions are endergonic (ΔGRT > 0) but require much
less energy than water splitting (Scheme 4b). We used
semiconductor−metal hybrid heterostructures for sunlight-
driven dehydrogenation and hydrogenolysis of benzyl alcohol
as a model substrate. The heterostructure’s precise composi-
tion exquisitely dictates the turnover numbers and product
distribution (Figure 7). A few metal (Pt, Pd) islands on the
semiconductor surface greatly enhance activity and selectivity
and even help prevent photocatalyst etching and degrada-
tion (below). CdS−Pt favors H2 (dehydrogenation) over
toluene (hydrogenolysis) 8:1 (TON = 1240 mol of H2·mol of
catalyst−1·h−1), whereas CdS0.4Se0.6−Pd favors toluene over H2
3:1 (TON = 490 mol of toluene·mol of catalyst−1·h−1). This
demonstrates the feasibility of achieving room-temperature,
sunlight-driven conversions of alcohols and other biomass-
derived substrates into fuels and chemicals using ﬁnely
heterostructured, photocatalytic nanocomposites.
During our exploratory studies, we observed that the presence
of surface-bound metal particles (islands) not only increases
the activity and aﬀects the selectivity of the photocatalyst
but also greatly increases its stability and lifetime (Figure 8).
For example, solutions of CdS nanorods completely lose their
color and become inactive toward alcohol dehydrogenation and
hydrogenolysis after only a couple of days of continuous sunlight
illumination. In contrast, solutions of CdS−Pt heterostructures
retain their color and remain active toward benzyl alcohol
dehydrogenation even after 8 days of continuous sunlight
illumination. UV−vis and TEM analyses show that the loss of
activity in CdS is accompanied by complete material photo-
etching and dissolution, while CdS−Pt hybrids retain their
optical absorption features and morphology (Figure 8).151
Investigating Surface Modif ication, Valence, and Ligand
Organization in Semiconductor Nanocrystal Quantum Dots.
Successful application of colloidal semiconductors often requires
functionalization or derivatization with chemically and/or
optically active functional groups. Surface modiﬁcation of
quantum dots usually involves thiol−ligand exchange or the
use of biological building blocks.152,153 Thiol−ligand exchange
consists of replacing the nanocrystal’s “native” ligands with
carboxylate- or amine-terminated thiols, usually added in excess
(Scheme 6). These carboxylate or amine groups are then
modiﬁed through amidation or layer-by-layer ionic pairing. This
procedure is well-established for soft nanocrystal surfaces with
high aﬃnity toward soft “polarizable” thiol ligands.124,154 Its use
Figure 7. Selective alcohol dehydrogenation (A, CdS−Pt) and
hydrogenolysis (B, CdS0.4Se0.6−Pd) of benzyl alcohol with hetero-
structured photocatalysts. Reprinted from ref 151.
Figure 8. The presence of surface-bound metal (Pt) islands greatly stabilizes semiconductor nanorods (CdS) against photobleaching, etching, and
degradation. UV−vis absorption (a,d) and TEM (b,c,e,f) of CdS nanorods (top) and CdS−Pt heterostructures (bottom) before and after
photocatalysis. Reprinted from ref 151.
Scheme 6. Thiol−Ligand Exchangea
aReprinted from ref 189.
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is widespread for II−VI and IV−VI semiconductors such as zinc,
cadmium, and mercury chalcogenides. Biological building blocks
have been explored extensively as alternatives for nanocrystal
surface modiﬁcation. The most-often-used procedure exploits
strong binding between streptavidin and biotin.155−158 One end
of the streptavidin−biotin pair is attached to the nanocrystal
surface, and the other end is covalently or noncovalently attached
to a molecule or material of interest. Inorganic modiﬁcation
methods were more recently introduced to incorporate func-
tionality onto nanocrystal surfaces. Inorganic ligand exchange
with complex anions such as Sn2S6
4− produces compact nano-
crystals with improved carrier mobility or “hopping”
across nanocrystal solids.159−161 These small ligands improve
interparticle coupling by removing insulating organic ligands.160,162
While powerful and widespread, these known methods have
limitations. Thiol−ligand exchange does not always work for
transition-metal oxides, nitrides, or other “hard” nanocrystal
surfaces.154 More importantly, ligand exchange removes the
nanocrystal’s native ligands, that is, those that originate from its
synthesis; this can cause etching and introduce surface defects,
aﬀecting the nanocrystal’s optical properties.163 Biological
building blocks require milder reaction conditions but often
involve lengthy multistep syntheses on tiny amounts of expensive
materials, and their large footprint and thermal instability result
in low surface coverage and chemical incompatibility. Critically,
the most important limitation of these methods is their inability
to control the extent of surface modiﬁcation or number of
functional groups or “valence” introduced per nanocrystal.
Surface Doping and Valence Control in Colloidal Semi-
conductors. In view of the problems and limitations associated
with quantum dot surface modiﬁcation by well-established
methods, we recently reported an alternative surface ligand
“doping” approach to control the number of functional groups
(valence) per nanocrystal that bypasses ligand exchange. We
showed that “surface-doped” nanocrystals can be made not only
by ligand exchange, as has been done routinely in the past, but
also by direct nanocrystal synthesis in the presence of two (or
more) diﬀerent capping ligands. At least one ligand contains a
chemically active, terminally unsaturated group such as a vinyl
(−CHCH2) or azide (−N3); another ligand is completely
saturated (aliphatic) and ends with a methyl (−CH3) (Scheme 7).
Simply varying the active-to-inactive ligand ratio used during
nanocrystal synthesis (x-to-y in Scheme 7) allows control of the
number of chemically active groups and thus the amount or
degree of functionality (valence) that can be introduced per
nanocrystal. Surface modiﬁcation can be easily accomplished
by direct reaction of the chemically active unsaturated groups
without resorting to ligand exchange152,164−167 (A-to-C trans-
formation in Scheme 7).
IR and NMR spectroscopies showed that carboxylate ligands
bind to the nanocrystal surface in a bidentate fashion, forming a
single monolayer perpendicular to the nanocrystal surface. The
relative population of the diﬀerent surface ligands is proportional
to the relative ligand concentrations used during nanocrystal
synthesis (Figure 9). 1H NMR resonances from surface-bound
ligands are characteristically broadened and show faster T1
relaxation times compared to those from free ligands. We
believe this is due to the close proximity of surface-bound ligand
protons to unpaired electrons localized on surface trap states.
As noted above, semiconductor nanocrystals are strong light
absorbers (ε ≈ 106 L·mol−1·cm−1),33,34 become redox-active
under ambient light, and remain redox-active after dark storage
for several hours.129 Photogenerated carriers are known to
localize on surface defects or “dangling bonds” (unpassivated
ions) on the nanocrystal surface. Thus, 1H NMR peak
broadening does not simply arise from fast equilibration between
surface-bound and free ligands,168−172 but also from surface-
trapped electrons behaving as paramagnetic impurities at the
nanocrystal inorganic−organic ligand interface. Diﬀusion ordered
spectroscopy (DOSY) shows that resonances from surface-
bound ligands have very slow diﬀusion rates that are about 1
order of magnitude slower compared to resonances from free
ligands and trace solvent.173 More detailed NMR and EPR
measurements are needed to measure the surface concentration
of paramagnetic impurities and defects in colloidal semi-
conductor nanocrystals.171,174−176
Within a single layer of surface ligands, two (or more)
ligands can assemble to form islands or rafts of identical
composition,177−181 or they can mix together and distribute
homogeneously (at random) on the nanocrystal surface. This
question has been the subject of intense research and debate for
plasmonic gold nanoparticles,182−184 but it was not addressed
for semiconducting nanocrystals until recently. To distinguish
between these two scenarios (rafts versus mixing), we used
rotating-frame Overhauser eﬀect spectroscopy (ROESY). A
variant of nuclear Overhauser eﬀect spectroscopy (NOESY),
ROESY is used for intermediate to high molecular weight
species (>1−3 kDa).185−188 We observed strong through-space
heterocorrelations between dissimilar ligands for all mixed
ligand samples that we studied. For example, the ROESY
spectrum of a 50%/50% methyl/vinyl-capped CdS quantum
dot sample clearly shows through-space heteroligand coupling
between the protons on the methyl end group (C(10)H3) of
the saturated ligand and the protons on the vinyl end group
(C(10)H2, C(9)H) as well as on the allylic position (C(8)H2)
of the unsaturated ligand (blue arrows in Figure 10). We
recorded similar observations from the ROESY spectrum of
a 50%/50% vinyl/azide-capped CdS quantum dot sample,
namely, through-space heteroligand coupling between the
protons on the last methylene (C(10)H2) of the azide ligand
and the protons on the vinyl end group (C(10)H2, C(9)H) as
well as on the allylic position (C(8)H2) of the unsaturated
ligand. The experimentally observed through-space (NOE)
heteroligand correlations are either stronger or at least as strong
as the homoligand correlations, which can arise from within
individual ligands. We concluded that mixtures of ligands with
similar chain lengths homogeneously distribute themselves on
the nanocrystal surface.189 Diﬀerential scanning calorimetry
(DSC) may help quantify the presence of highly crystalline raft-
like domains within the surface SAMs of nanocrystals
containing other, more dissimilar ligand mixtures.190−192
High-Resolution scanning transmission electron microscopy
(STEM) may further allow the identiﬁcation of speciﬁc patterns
accompanying surface ligand phase segregation.182−184
Scheme 7. Synthesis and Direct Modiﬁcation of Quantum
Dots Capped with Chemically Active Native Ligands (A)a
aReprinted from ref 189.
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Quantum Dot Functionalization without Ligand Exchange.
Surface-doped quantum dots capped with chemically active
native ligands allow control over the extent of surface modiﬁca-
tion by simple organic reactions. Using an excess of small
ﬂuorinated molecules as model substrates, we reacted vinyl- and
azide-capped quantum dots via cross-metathesis193,194 and
“click” (Huisgen’s [3 + 2]-cycloaddition)195−200 conditions, re-
spectively, and followed the outcome by UV−vis, PL, 1H and
19F NMR, XRD, TEM, and EDX. Both metathesis and click
reactions proceed without aﬀecting the particle size or optical
properties and without undesirable dendronization and cross-
linking.165,166,201−203 Critically, EDX conﬁrmed that the ﬁnal
loading of ﬂuorinated groups per quantum dot is proportional
to the original population of surface-active native (vinyl or
azide) ligands in the original nanocrystals (Figure 9d). To the
best of our knowledge, this was one of only a few of examples
of valence control on semiconductor nanocrystal quantum
dots204−206 and the only one that bypassed ligand exchange.
Figure 9. 1H NMR spectra of CdS nanocrystal quantum dots capped with mixtures of methyl (−CH3)-, vinyl (−CHCH2)-, and azide (−N3)-
terminated C10 carboxylate ligands. Surface ligand populations are proportional to the relative ligand concentrations used during nanocrystal
synthesis. Reprinted from ref 189.
Figure 10. (a) Vinyl/methyl-capped, mixed ligand CdS nanocrystal quantum dots, representative DOSY (b) and ROESY (c) spectra, and valence
control via cross metathesis (d). Reprinted from ref 189.
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In this Perspective, we have highlighted our use of principles
(Hammond’s postulate, chemical reactivity tuning via sub-
stitution) and techniques (multinuclei and multidimensional
NMR, DFT) borrowed from molecular chemistry to improve
our ability to control and understand the synthesis, activation,
and functionalization of colloidal semiconductor nanocrystals.
Building on our observations on the spontaneous formation
of compositionally graded CdS1−xSex nanorods, we used a
systematic approach to study chemical reactivity across a
homologous series of soluble phosphine chalcogenide pre-
cursors, allowing us to predict how closely related molecular
reactants aﬀect the nucleation rates and selectivities for phase
segregation and anisotropic growth of their nanocrystalline
products. We demonstrated that molecular reactivity is useful
in tuning not only the relative rates of homogeneous nuclea-
tion but also the rates of heterogeneous nucleation of new
crystalline material epitaxially grown on top of existing nuclei.
This chemistry, facilitated by the addition of secondary amines,
allowed us to solve some of the unique challenges that
accompany the synthesis of thick-shell, nonblinking CdSe/
nCdS (n > 10) quantum dots, enabling the application of these
outstanding materials in advanced biological imaging and
tracking. Research into modulating the chemical reactivity of
not only anionic (chalcogenide, pnictide) but also cationic
precursors can and will positively impact the synthesis of many
other complex, technologically relevant materials such as
Cu2ZnSnS4, TaON, Yb14MnSb11, and PtxBiyPbz.
Seeking better routes to build charge-separating semi-
conductor−metal hybrid heterostructures, we demonstrated
distinct thermal and photochemical pathways for the formation
of metal nanoparticles on colloidal semiconductors. Careful
selection of synthetic conditions allowed us to deposit of Pt
and Pd particles on CdS and CdS0.4Se0.6 nanorods with a high
degree of selectivity for surface-bound (photochemically)
versus freestanding metal particles (thermally). The ability to
tune the spatial composition of hybrid heterostructures will
advance our ability to engineer and direct energy ﬂows at the
nanoscale. We successfully used semiconductor−metal hetero-
structures for sunlight-driven dehydrogenation and hydro-
genolysis of benzyl alcohol as a model of biomass-derived
feedstocks. The heterostructure composition dictates activity,
product distribution, and turnovers. A few metal islands on the
semiconductor surface signiﬁcantly enhance activity and selectivity
and also greatly stabilize the semiconductor against photoinduced
etching and degradation. We also reported a fast, low-temperature,
and scalable photochemical route to synthesize very small (3 nm)
monodisperse cobalt oxyhydroxide (Co(O)OH) nanocrystals.
The alternative dark thermal reaction proceeds much more slowly
and produces much larger (250 nm) polydisperse Co(O)OH
aggregates. Photochemical methods such as these facilitate the
generation, isolation, and study of metastable nanomaterials having
unusual size, composition, and morphology. These harder-to-isolate
and highly reactive phases, inaccessible using conventional high-
temperature pyrolysis, are likely to possess enhanced and
unprecedented chemical, electromagnetic, and catalytic properties.
We have also investigated fundamentally new surface ligand
modiﬁcation or doping strategies to control the degree of
functionalization or valence per nanocrystal while retaining the
nanocrystal’s original colloidal and photostability. To achieve
this goal, it was not only necessary to develop conceptually
new surface modiﬁcation strategies but also to investigate the
changes in ligand organization, surface chemistry, and overall
nanocrystal properties that arise as a result of such strategies.
For example, 2D NMR experiments (DOSY, ROESY) helped
us address ongoing questions related to ligand assembly into
rafts on nanocrystal surfaces. These techniques could also help
us investigate how small molecules such as organic dyes or
metal complexes interact with nanocrystal surfaces, for example,
by becoming entangled with surface-bound ligands. In energy
and materials science, the ability to ﬁne-tune the number and
relative conﬁguration of energy- and charge-transfer donors and
acceptors will provide unprecedented control over quantum
dot exciton decay and chemical reaction pathways across the
inorganic(crystal)−organic(ligand)−solvent(medium) interface.
In biology, the extent of surface coverage by a particular
functional group can have a large impact on a nanocrystal’s
aﬃnity and permeability to a variety of biological structures and
thus on its ability to localize, penetrate, and be transported
across speciﬁc tissues and cellular and subcellular structures.
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